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GUIDANCE ANALYSIS OF AERODYNAMIC PHASE OF 

DESCENT TO THE SURFACE OF MARS 

By Benjamine J .  Garland 

SUMMARY 

The t r a j e c t o r y  of a spacecraf t  t h a t  descends through t h e  atmosphere 
t o  a s o f t  landing on t h e  su r face  of Mars can be d iv ided  i n t o  two por- 
t i o n s  which depend upon t h e  forces  t h a t  a f f e c t  t h e  spacec ra f t .  The 
motion of t h e  spacec ra f t  i s  governed by g r a v i t a t i o n a l  and aerodynamic 
f o r c e s  during t h e  f irst  po r t ion  of t h e  t r a j e c t o r y ;  it i s  governed by 
propuls ion or drag  devices  or both during t h e  second por t ion  of t h e  
t r a j e c t o r y  i n  order  t o  achieve a s o f t  landing.  The performance of a 
spacec ra f t  wi th  a L/D r a t i o  of 0.5 and a b a l l i s t i c  c o e f f i c i e n t  of 
120 psf  w a s  s tud ied .  Only t h e  f i r s t  po r t ion  of t h e  descent w i t h i n  t h e  
atmosphere w a s  considered.  The r e s u l t s  i n d i c a t e  t h a t  t h e  depth of t h e  
e n t r y  co r r ido r  i s  ample only i f  an accu ra t e  model of t h e  atmosphere i s  
a v a i l a b l e .  I n  almost a l l  cases ,  t h e  v e l o c i t y  of t h e  spacec ra f t  w i l l  be  
g r e a t e r  t han  2000 f p s  when t h e  a l t i t u d e  has decreased t o  30 000 f ee t .  
The f e a s i b i l i t y  should be considered of drag devices  being used t o  de- 
c rease  t h e  v e l o c i t y  t o  a lower value because t h e  s i z e  of t h e  propuls ion  
system w i l l  be inf luenced s i g n i f i c a n t l y  by t h e  v e l o c i t y  a t  t h e  beginning 
of t h e  powered phase.  

INTRODUCTION 

The tenuous atmosphere o f  Mars r e q u i r e s  t h a t  t h e  descent  of a 
manned spacec ra f t  t o  t h e  su r face  of t h e  p l ane t  combine c h a r a c t e r i s t i c s  
of t h e  atmospheric e n t r y  a t  Earth and t h e  lunar  landing t r a j e c t o r y .  
The aerodynamic fo rces  are used t o  d e c e l e r a t e  t h e  spacecraf t  and t o  
guide t h e  spacec ra f t  t o  t h e  t a r g e t  area. The propuls ion system i s  used 
t o  achieve a s o f t  landing a t  an acceptable  l o c a t i o n .  It  i s  very  i m -  
p o r t a n t  t h a t  t h e  v e l o c i t y  and d is tance  from t h e  t a r g e t  be minimized at 
t h e  end of t h e  aerodynamic por t ion  of t h e  t r a j e c t o r y  so t h a t  t h e  s i z e  
of t h e  r equ i r ed  propuls ion system w i l l  be minimized. 

A s tudy w a s  made of t h e  f i r s t  po r t ion  of t h e  descent  t r a j e c t o r y  
t o  determine t h e  requi red  performance of t h e  propuls ion system. The 
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landing spacec ra f t  d i scussed  i n  re ference  1 and t h e  guidance method pre- 
sented i n  r e fe rence  2 were used i n t h e  s tudy .  The spacec ra f t  has an 
L/D r a t i o  of 0 .5  and a b a l l i s t i c  c o e f f i c i e n t  of 120 p s f ;  t h e  only method 
of' c o n t r o l  i s  t o  roll t h e  spacecraf t .  The guidance method a t tempts  t o  
s t e e r  t h e  spacec ra f t  along a re ference  t r a j e c t o r y  which i s  computed on- 
board s h o r t l y  before  t h e  e n t r y  begins.  This  method r e q u i r e s  a minimum 
of predetermined ga ins  or cons tan ts .  The r e s u l t s  of t h e  s tudy  are 
contained i n  t h i s  r e p o r t .  

SYMBOLS 

a a c c e l e r a t i o n ,  f t / s e c 2  

drag c o e f f i c i e n t  
cD 

a c c e l e r a t i o n  caused by g r a v i t a t i o n a l  a t t r a c t i o n  a t  
su r face  of e a r t h ,  f t / s ec2  

h a l t i t u d e ,  f t ,  n .  m i .  

K overcont ro l  parameter oc 

K1' K2 ,  K3 in f luence  c o e f f i c i e n t s  

L/D l i f t  -t o-drag ra t  i o  

9 dynamic p res su re ,  psf 

R range,  deg or radian 

S re ference  area, f t 2  

t 

v 

W 

Y 

t i m e ,  sec  

v e l o c i t y ,  f p s  

weight ,  l b  

f l i g h t - p a t h  ang le ,  deg or rad ian  

AR e r r o r  i n  range a t  30 000-ft a l t i t u d e ,  n .  m i .  

AI? v e l o c i t y  increment,  f p s  
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Subsc r ip t s :  

a 

c om 

e n  

f 

max 

nom 

P 

T 

0 

e r r o r  i n  drag a c c e l e r a t i o n ,  f t / s e c 2  

e r r o r  i n  range,  n. m i .  

e r r o r  i n  v e l o c i t y ,  f p s  

c ros s  range,  deg or  radian 

t r u e  anomaly, deg o r  rad ian  

roll angle ,  deg o r  radian 

apoaps i s 

command 

e n t r y  

f i n a l  

maximum 

nominal 

pe r  i aps i s  

t a r g e t  

su r f ace  

METHOD 

The sequence of maneuvers which occurs  during t h e  descent  t o  t h e  
s u r f a c e  i s  shown i n  f i g u r e  1. I n i t i a l l y ,  t h e  spacec ra f t  i s  i n  a parking 
o r b i t  wi th  a r b i t r a r y  values  f o r  t he  o r b i t a l  elements.  The descent i s  
begun by a decrease i n  t h e  v e l o c i t y  o f  t h e  spacec ra f t  when it i s  a t  t h e  
apoapsis  of t h e  parking o r b i t .  The magnitude of t h e  v e l o c i t y  change 
i s  determined by t h e  des i r ed  va lue  of t h e  p e r i a p s i s  a l t i t u d e  of t h e  
descent  o r b i t .  The apoapsis and pe r i aps i s  a l t i t u d e s  of t h e  descent  
o r b i t  determine t h e  t r u e  anomaly (TI ) ,  t h e  v e l o c i t y  (Veri), and t h e  

f l i g h t - p a t h  angle  (yen)  of t h e  spacecraf t  when it reaches t h e  edge.of  

t h e  e f f e c t i v e  atmosphere. The loca t ion  of t h e  t a r g e t  i s  s p e c i f i e d  by 

en 
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t h e  angle  between t h e  p e r i a p s i s  vec tor  and t h e  p r o j e c t i o n  of t h e  t a r g e t  
vec to r  i n t o  t h e  p lane  of t h e  descent o r b i t  (n ) and by t h e  angle  between 

t h e  t a r g e t  vec to r  and t h e  plane of t h e  descent  o r b i t  (5 ) .  The f i r s t  

angle  w i l l  be  c a l l e d  t h e  range from p e r i a p s i s ,  and t h e  second angle  
w i l l  be c a l l e d  t h e  c ros s  range.  

T 

T a 
Entry guidance methods similar t o  those  of r e fe rence  2 a r e  d i s -  

b cussed i n  r e fe rences  3 and 4. 
dev ia t ions  from a nominal t r a j e c t o r y  are  used t o  guide t h e  spacec ra f t  
t o  t h e  t a r g e t .  Normally, t h e  region of v a l i d i t y  of t h e  guidance method 
i s  
t h e r e  are var ious  schemes designed t o  inc rease  t h e  reg ion  of v a l i d i t y .  

For a l l  t h r e e  methods, t h e  measured 

I l i m i t e d  t o  t h e  l i n e a r  neighborhood of t h e  nominal t r a j e c t o r y ,  bu t  

The drag a c c e l e r a t i o n  and t h e  range t o  t h e  t a r g e t  a r e  used as 
c o n t r o l  parameters i n  a l l  t h r e e  methods. The t h i r d  c o n t r o l  parameter 
can be  t h e  f l i gh t -pa th  angle  ( r e f .  2 ) ,  t h e  a l t i t u d e  ( r e f .  3 ) ,  t h e  
a l t i t u d e  r a t e  ( r e f .  h ) ,  or any other  app l i cab le  parameter.  
pa th  angle  and t h e  a l t i t u d e  rate a re  equiva len t  because they  can be 
r e l a t e d  by t h e  v e l o c i t y  of t h e  spacec ra f t .  
i s  known more accu ra t e ly  than  t h e  a l t i t u d e  and, t h e r e f o r e ,  are bet ter  
choices  f o r  t h e  t h i r d  c o n t r o l  parameter. 

The f l i g h t -  

E i t h e r  of t h e s e  parameters 

- 

The method used t o  inc rease  the  reg ion  of v a l i d i t y  does not  depend a upon t h e  choice f o r  t h e  t h i r d  con t ro l  parameter.  The reg ion  of v a l i d i t y  
can be increased  by t h e  use of a s i n g l e  cons tan t  overcont ro l  parameter 
( r e f .  3)  o r  by t h e  use  of empir ica l ly  determined variable weighting 
f a c t o r s  ( r e f .  4 ) .  The reg ion  of v a l i d i t y  a l s o  may be increased  by t h e  
use  of  a v a r i a b l e  nominal t r a j e c t o r y  ( r e f .  2 ) .  
t h e  one which w a s  used f o r  t h i s  study. 

The l a t t e r  method i s  

t 

The v a r i a b l e  nominal t r a j e c t o r y  method r e q u i r e s  t h a t  t h e  ca lcu la-  
t i o n s  of t h e  nominal t r a j e c t o r y  and t h e  inf luence  c o e f f i c i e n t s  be 
performed immediately p r i o r  t o  en t ry .  The roll angle  of t h e  spacec ra f t  
i s  h e l d  cons tan t ,  and t h e  en t ry  t r a j e c t o r y  i s  determined by i n t e g r a t i o n  
of s i m p l i f i e d  equat ions of motion. The roll angle  i s  changed, and t h e  
i n t e g r a t i o n  i s  repeated u n t i l  t h e  proper range i s  obtained.  
a d j o i n t  set  of pe r tu rba t ion  equations are in t eg ra t ed  backwards along 
t h e  nominal t r a j e c t o r y  t o  o b t a i n  the  in f luence  c o e f f i c i e n t s .  The ref-  
e rence  values  of t h e  con t ro l  parameters and t h e  va lues  of t h e  in f luence  

Then t h e  

'L c o e f f i c i e n t s  are s t o r e d  as func t ions  of  t h e  v e l o c i t y .  
used f o r  guidance i s  t h e  fol lowing.  

The c o n t r o l  l a w  
- - 

= cos 
4l corn 1 nom 

+ K (9- D) + K (R 
2 nom 3 nom 
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K2, and K a r e  t h e  inf luence c o e f f i c i e n t s  and where K i s  1' 3 oc where K 

t h e  overcont ro l  parameter introduced i n  r e fe rence  3. 

The major advantage of t h e  va r i ab le  nominal t r a j e c t o r y  method i s  
i t s  f l e x i b i l i t y .  Not only can t h e  same guidance program handle a wide 
range of e n t r y  condi t ions  and t a r g e t  l o c a t i o n s ,  bu t  a l s o  p r o p e r t i e s  of 
t h e  spacec ra f t  and of t h e  p lane t  need not  be known u n t i l  s h o r t l y  be fo re  

* t h e  e n t r y  i s  begun. 

NUMERICAL APPLICATIONS AND RESULTS 
L 

The four-degree-of-freedom d i g i t a l  t r a j e c t o r y  program discussed  
i n  r e fe rence  5 w a s  used t o  ob ta in  the  r e s u l t s  presented  i n  t h i s  r e p o r t .  
The nominal c h a r a c t e r i s t i c s  of t h e  spacec ra f t  were a l s o  taken  from 
re fe rence  5 and were as follows. 

L/D . . . . . . . . . . . . . . . . . .  0.5 

W/CDS, psf  . . . . . . . . . . . . . .  120 

Maximum roll r a t e ,  deg/sec . . . . . .  +20 

~011 a c c e l e r a t i o n ,  deg/sec2 . . . . . .  +IO 
R o l l  deadband, deg . . . . . . . . . .  f 4 

The c o n t r o l  system c h a r a c t e r i s t i c s  are those  of t h e  Apollo command 
module. 
were used f o r  t h e  s tudy .  

The models of t h e  Martian atmosphere proposed i n  r e fe rence  6 

The apoapsis  a l t i t u d e  of t h e  descent o r b i t  w a s  assumed t o  be 
1 0  000 n .  m i .  f o r  a l l  cases ,  and t h e  edge of t h e  e f f e c t i v e  atmosphere 
w a s  assumed t o  occur a t  an a l t i t u d e  of 300 000 f e e t  (49.4 n. m i . ) .  
i n e r t i a l  v e l o c i t y ,  f l i gh t -pa th  angle ,  and t r u e  anomaly of t h e  space- 
c r a f t  at  t h e  beginning of en t ry  a re  presented  i n  f i g u r e  2 as func t ions  
of t h e  p e r i a p s i s  a l t i t u d e .  Although t h e  p e r i a p s i s  a l t i t u d e  v a r i e s  be- 
tween -100 n .  m i .  
between -20 n.  m i .  and 40 n .  m i .  
p a th  angle  i s  between -10.1' and -3.7'; and f o r  t h e  t r u e  anomaly, be- 
tween -24.0° and -8.9'. 
and 1 5  082 f p s .  

The 

. and 49.4 n.  m i . ,  t h e  reg ion  of p r a c t i c a l  i n t e r e s t  i s  
The reg ion  of i n t e r e s t  f o r  t h e  f l i g h t -  

The i n e r t i a l  v e l o c i t y  varies between 1 5  077 

The a l t i t u d e ,  r e l a t i v e  ve loc i ty ,  and a c c e l e r a t i o n  f o r  a t y p i c a l  
e n t r y  t r a j e c t o r y  are shown i n  f igu re  3 as func t ions  of t i m e .  The t a r g e t  
w a s  l oca t ed  i n  t h e  p lane  of t h e  descent o r b i t  and 20' beyond t h e  pe r i -  
a p s i s  p o i n t .  The p e r i a p s i s  a l t i t u d e  w a s  10  n.  m i . ,  and t h e  mean dens i ty  
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c 

atmosphere w a s  assumed. The i n e r t i a l  v e l o c i t y  at t h e  beginning of 
en t ry  w a s  1 5  078.3 f p s ,  and t h e  f l i gh t -pa th  angle  w a s  -9.35'. 
range t r a v e l e d  wi th in  t h e  atmosphere was 42'. The a l t i t u d e  of t h e  
spacec ra f t  decreased t o  a minimum of 93 000 feet  be fo re  it increased  t o  
a maximum of 192 000 f e e t  a t  425 seconds a f t e r  t h e  beginning of en t ry .  
The maximum a c c e l e r a t i o n  w a s  3.88g during t h e  f i r s t  po r t ion  of t h e  
e n t r y  and w a s  2.06g during t h e  second p o r t i o n  of t h e  en t ry .  
t o r y  w a s  assumed t o  end when t h e  a l t i t u d e  became less than  30 000 f ee t .  
A t  t h i s  t ime ,  t h e  re la t ive v e l o c i t y  of t h e  spacec ra f t  w a s  3050 f p s ,  and 
t h e  spacec ra f t  w a s  1 5 . 4  n .  m i .  from t h e  t a r g e t .  

The t o t a l  

The t r a j e c -  

The depth and l o c a t i o n  of t h e  en t ry  co r r ido r  a r e  determined by 
v a r i a t i o n  of t h e  p e r i a p s i s  a l t i t u d e  whi le  t h e  remaining v a r i a b l e s  a r e  
kept  f i x e d .  
t a r g e t  w a s  l oca t ed  10' beyond t h e  p e r i a p s i s  po in t  and i n  t h e  plane of 
t h e  descent  o r b i t .  The e f f e c t s  a r e  shown of v a r i a t i o n s  i n  t h e  p e r i a p s i s  
a l t i t u d e  upon t h e  r e l a t i v e  v e l o c i t y  of t h e  spacec ra f t  and upon t h e  d i s -  
t ance  from t h e  t a r g e t  a t  t h e  end of t h e  t r a j e c t o r y  ( f i g .  4 ) .  
d i s t a n c e  i s  l e s s  t han  25 n .  m i .  i f  t h e  p e r i a p s i s  a l t i t u d e  i s  between 
-18 n .  m i .  and 20 n.  m i .  
r ange ,  which w i l l  be def ined as t h e  e n t r y  c o r r i d o r ,  t h e  m i s s  d i s t a n c e  
inc reases  sharp ly .  
t h e  c o r r i d o r  and inc reases  as t h e  p e r i a p s i s  a l t i t u d e  i s  increased .  The 
f i n a l  v e l o c i t y  inc reases  t o  8050 fps  a t  t h e  t o p  of t h e  co r r ido r .  

I n  f i g u r e  4 ,  t h e  l o w  dens i ty  atmosphere w a s  used, and t h e  

The m i s s  

If t h e  p e r i a p s i s  a l t i t u d e  i s  ou t s ide  of t h i s  

The f i n a l  ve loc i ty  i s  2680 f p s  a t  t h e  bottom of 

Some of t h e  c h a r a c t e r i s t i c s  of t r a j e c t o r i e s  w i th in  t h e  e n t r y  cor- 
r i d o r  are summarized i n  f i g u r e  5. The l i m i t s  of t h e  e n t r y  c o r r i d o r ,  
t h e  maximum a c c e l e r a t i o n ,  t h e  maximum dynamic p res su re ,  and t h e  rela- 
t i v e  v e l o c i t y  a t  an a l t i t u d e  of 30 000 fee t  are presented  as func t ions  
of t h e  l o c a t i o n s  of t h e  t a r g e t  f o r  each atmospheric model. The depth 
of t h e  e n t r y  c o r r i d o r  i s  a f f e c t e d  s l i g h t l y  by d i f f e r e n t  atmospheric 
models; t h e  l o c a t i o n  of t h e  cor r idor  i s  r a i s e d  as t h e  dens i ty  i s  in-  
c reased .  
t h e  t a r g e t  i s  loca ted  10' beyond the  p e r i a p s i s .  The depth of t h e  cor- 
r i d o r  decreases  t o  between 13 n. m i .  and 16 n.  m i .  as t h e  d i s t a n c e  t o  
t h e  t a r g e t  i s  increased t o  40° beyond t h e  p e r i a p s i s .  The depth of t h e  
c o r r i d o r  i s  ample i f  t h e  co r rec t  atmospheric model i s  known be fo re  t h e  
nominal p e r i a p s i s  a l t i t u d e  i s  se l ec t ed .  The oppos i te  i s  t r u e  i f  t h e  
low and h igh  d e n s i t y  atmospheres represent  t h e  extremes which can be 
expected. I n  t h i s  case ,  t h e  r e a l  cor r idor  i s  bounded by t h e  t o p  of 
t h e  c o r r i d o r  f o r  t h e  low d e n s i t y  atmosphere and by t h e  bottom of  t h e  
c o r r i d o r  f o r  t h e  high d e n s i t y  atmosphere. The depth of t h e  co r r ido r  
i s  25 n. m i .  when t h e  t a r g e t  i s  10' beyond t h e  p e r i a p s i s .  
depth decreases  t o  20 n. m i .  when t h e  d i s t a n c e  t o  t h e  t a r g e t  i s  increased  
4' and completely. disappears  i f  t he  t a r g e t  i s  37.5O beyond t h e  p e r i a p s i s .  
Therefore ,  it i s  extremely important t h a t  an accura te  model of t h e '  
atmosphere be a v a i l a b l e  before  t h e  descent  maneuver i s  begun. 

The depth of t h e  cor r idor  i s  from 34 n .  m i .  t o  40 n. m i .  when 

The co r r ido r  
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. 

The maximum a c c e l e r a t i o n  of 3.75g and t h e  maximum dynamic p res su re  

The minimum r e l a t i v e  v e l o c i t y  a t  an a l t i t u d e  of 
of 405 ps f  are achieved when t h e  s h o r t e s t  range and t h e  low d e n s i t y  
atmosphere are used. 
30 000 f e e t  i s  1700 f p s .  This v e l o c i t y  occurs  a t  t h e  bottom of t h e  
co r r ido r  f o r  t h e  high dens i ty  atmosphere and f o r  t h e  s h o r t e s t  range.  
The maximum r e l a t i v e  v e l o c i t y  i s  8000 f p s  and occurs  a t  t h e  t o p  of t h e  
co r r ido r  f o r  t h e  low dens i ty  atmosphere and f o r  t h e  s h o r t e s t  range.  
The r e l a t i v e  v e l o c i t y  a t  30 000 f ee t  can be reduced t o  below 6000 f p s  
i f  t h e  t o p  of t h e  co r r ido r  i s  lowered approximately 5 n. m i .  when t h e  
t a r g e t  i s  loca ted  10' beyond t h e  p e r i a p s i s .  
be less than  6000 f p s  throughout the  c o r r i d o r  i f  t h e  t a r g e t  i s  loca ted  
at  least  20' from t h e  p e r i a p s i s .  
c o r r i d o r ,  t h e  spacec ra f t  d id  not miss t h e  t a r g e t  by more than  30 n .  m i . ;  
i n  most ca ses ,  t h e  m i s s  d i s t ance  was less than  1 5  n.  m i .  For a l l  cases  
wi th in  t h e  c o r r i d o r ,  t h e  minimum a l t i t u d e  during t h e  f i r s t  phase of t h e  
e n t r y  w a s  g r e a t e r  t han  50 000 feet .  

The f i n a l  v e l o c i t y  w i l l  

While t h e  p e r i a p s i s  w a s  w i th in  t h e  

Although t h e  purpose of t h e  study w a s  not  t o  determine t h e  landing 
f o o t p r i n t  of t h e  s p a c e c r a f t ,  it was of i n t e r e s t  t o  ob ta in  an e s t ima te  
of t h e  cross-range c a p a b i l i t y  of the  spacec ra f t .  

of 20' w a s  assumed. It of t h e  atmosphere w a s  used, and an ang le  

w a s  found t h a t  t h e  spacec ra f t  could be guided t o  a t a r g e t  which w a s  
w i th in  4' of t h e  p lane  of t h e  descent o r b i t .  

The mean dens i ty  model 

nT 

CONCLUDING REMARKS 

Although t h e  atmosphere o f  Mars i s  much rarer than  t h e  Ear th  atmos- 
phere ,  aerodynamic f o r c e s  s t i l l  dominate t h e  motion of a spacec ra f t  
dur ing  a descent  t o  t h e  sur face  of Mars. The e f f e c t  of t h e  decreased 
dens i ty  i s  most apparent near t h e  end of t h e  descent  when t h e  v e l o c i t y  
of t h e  spacec ra f t  i s  g r e a t e r  t han  it would be f o r  a descent t o  Ear th .  
I n  a l l  cases ,  t h e  v e l o c i t y  of t h e  spacec ra f t  at an a l t i t u d e  of 
30 000 fee t  i s  g r e a t e r  t han  1700 fps .  
405 p s f ,  and t h e  maximum acce lera t ion  i s  3.75g. 

The maximum dynamic p res su re  i s  

This  s tudy i n d i c a t e s  a need t o  consider  t h e  use  of drag devices  
such as parachutes  t o  decrease the  f i n a l  v e l o c i t y  of t h e  s p a c e c r a f t .  
The use  of drag devices  could decrease s i g n i f i c a n t l y  t h e  s i z e  of t h e  
propuls ion  system f o r  landing.  

The depth of t h e  e n t r y  cor r idor  i s  s u f f i c i e n t  only i f  an accura te  
model of t h e  atmosphere i s  known before  t h e  spacec ra f t  l eaves  t h e  parking 
o r b i t .  One of t h e  advantages of t h e  mission proposed i n  r e f e r e n c e . 1  i s  
t h e  long t i m e  spent  i n  o r b i t  around Mars before  t h e  s o f t  landing i s  
at tempted.  P a r t  of t h i s  time can be used t o  improve t h e  knowledge of 
t h e  atmosphere of Mars. 
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Figure 1 .- Description o f  descent maneuver. 
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